In the human brain, microRNAs (miRNAs) from the microRNA-376 (miR-376) cluster undergo programmed "seed" sequence modifications by adenosine-to-inosine (A-to-I) editing. Emerging evidence suggests a link between impaired A-to-I editing and cancer, particularly in high-grade gliomas. We hypothesized that disruption of A-to-I editing alters expression of genes regulating glioma tumor phenotypes. By sequencing the miR-376 cluster, we show that the overall miRNA editing frequencies were reduced in human gliomas. Specifically in high-grade gliomas, miR-376a* accumulated entirely in an unedited form. Clinically, a significant correlation was found between accumulation of unedited miR-376a* and the extent of invasive tumor spread as measured by magnetic resonance imaging of patient brains. Using both in vitro and orthotopic xenograft mouse models, we demonstrated that the unedited miR-376a* promoted glioma cell migration and invasion, while the edited miR-376a* suppressed these features. The effects of the unedited miR-376a* were mediated by its sequence-dependent ability to target RAP2A and concomitant inability to target AMFR. Thus, the tumordependent introduction of a single base difference in the miR-376a* sequence dramatically alters the selection of its target genes and redirects its function from inhibiting to promoting glioma cell invasion. These findings uncover a new mechanism of miRNA deregulation and identify unedited miR-376a* as a potential therapeutic target in glioblastoma cells.
Introduction
MicroRNAs (miRNAs) are short, noncoding RNAs that mediate post-transcriptional silencing of a set of target genes. The target gene specificity of each miRNA is dictated by sequence-dependent interaction between approximately 22-nt-long mature miRNAs, especially their 6-or 7-nucleotide "seed" sequences at the 5′ end, and the 3′ untranslated regions of mRNAs (1) . It has been shown that the epigenetic process of adenosineto-inosine (A-to-I) editing of certain miRNAs can lead to a single base substitution in their seed sequence and generate variant "edited" mature miRNA species with target gene specificity drastically different from that of the unedited, genomically encoded miRNA (2) . This was demonstrated for miR-376 cluster transcripts collected from normal human and mouse tissues. The miR-376 cluster encodes 4 primary miRNAs (primiRs), including pri-miR-376a1, -376a2, -376b, and -376c, that are processed to 5 distinct mature miRNAs, miR-376a, -376a*, -376a2-5p, -376b, and -376c. In the human brain, 9 adenosines within this miRNA cluster are subject to specific and high-level A-to-I RNA editing (2) .
In gliomas, the most frequent primary brain tumors, Alu repeats and several protein-coding substrates of adenosine deaminases acting on RNA (ADARs; a family of enzymes that mediate A-to-I editing of RNAs) have been found to be edited to lower than normal frequencies (3) (4) (5) . Particularly in high-grade gliomas, glioblastoma multiforme (GBMs), emerging lines of evidence suggest a link between A-to-I editing and cancer due to anomalous ADAR activity or levels (6) . For example, the frequency of A-to-I editing of the Q/R site of glutamate receptor subunit B (GluR-B) is lower in GBMs (3) and astrocytomas (5) compared with normal brain tissue. It has been reported that in GBMs, glutamate receptors assembled from the unedited (Q-containing) GluR-B subunit are highly Ca 2+ permeable and expression of this form of the receptor can promote glioma cell invasion (7) . Apart from this, the functional consequences of under-editing or non-editing of ADAR substrates in gliomas are not clear.
We considered the possibility that miR-376 cluster transcripts may also be targets of ADAR dysfunction in gliomas. We hypothesized that disruption to the A-to-I editing of the transcripts would lead to changes in the relative abundance of edited and unedited forms of the miRNAs, which would in turn lead to altered gene expression profiles in gliomas that regulate tumor phenotypes and clinical behaviors. Herein we report that the A-to-I editing of the miR-376 cluster miRNAs is significantly reduced in high-grade human gliomas, with miR-376a* accumulating entirely in the "unedited" form in GBMs. We also explicitly demonstrate that the overexpression of unedited miR376a* in glioma cells promotes their migration and invasion, which in an orthotopic xenograft mouse glioma model paralleled features of human GBMs such as disseminated tumor foci, extensive vascularization, and necrosis. Strikingly, the edited miR-376a* suppressed glioma cell migration and invasion in in vitro assays. As dictated by the single base difference between unedited and edited miR-376a*, we identified genes targeted in an exclusive manner by either form of miR-376a* that potential-analyze glioma miRNA expression data. We noted that expression levels of miR-376 cluster members in GBMs are in general unaffected, ranging from 0.8-to 0.94-fold of normal brain levels, except miR-376a, which was expressed at 0.5-fold (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI62925DS1).
We then investigated whether A-to-I editing of miR-376 cluster transcripts is disrupted in GBMs. Since transcription of the miR-376 cluster produces a long single primary transcript with pri-miR376a1, -376a2, -376c, and -376b and A-to-I editing (hereafter referred to as "editing") occurs on the primary transcript (2), we performed direct sequencing of RT-PCR products to determine editing frequency at 9 editing sites within the 4 pri-miRNAs ( Figure 1A ). Sequencing of 5 normal human brain tissue samples confirmed that editing at the sites was high and occurred to the same extent as described previously (2) . Compared with normal brain, in 24 high-grade human glioma samples (WHO grades III and IV), we observed that editing was altered to variable extents, appearing as reduced or absent "G" peaks at the editing sites in sequence chromatograms ( Figure 1B ). Quantification of editing frequencies for all sites revealed a general reduction, with frequent baseline editing of 0%-4% in the tumors (Table 1) . Reduction in editing was most significant for the +9 site of pri-miR-376a1 and the +15 site of pri-miR-376a2 (Table 1) . When the tumors were grouped by histopathology, reduction in editing was most consistently observed in GBMs and anaplastic astrocytomas (AAs) at the +9 site of pri-miR-376a1, averaging 3.3% ± 3.8% in GBMs (n = 12, excluding known gliosarcomas) and 10% ± 15% in AAs (n = 4), down from 47% ± 2% in the normal brain (n = 5). Gliomas classified as anaplastic oligoastrocytomas (AOAs), anaplastic oligodendrogliomas (AOGs), displayed substantial editing (48% ± 38%, n = 4) for the +9 site of pri-miR-376a1 ( Figure 1C) .
To evaluate the editing of miR-376 cluster transcripts at a cellular level, rather than in tumor tissue with mixed cell populations, we examined 4 glioma cell lines, U87, SW1783, SW1088, and U251, and observed consistent hypoediting of miR-376 cluster transcripts (Table 2 ). Using the cell lines also allowed us to evaluate the extent of editing of mature miRNAs with a targeted cloning strategy developed previously (2) . We confirmed that the small extent of editing of primary miRNAs in the miR-376 cluster produced mature miRNAs at similarly low editing frequencies in the glioma cell lines ( Figure  1D and Table 2 ). In particular, the mature miR-376a* was negligibly edited to 0%-5% in these tumor cells, corresponding well with the editing frequency of the +9 site of pri-miR-376a1, a site in the seed sequence of miR-376a*. In normal human astrocytes, remarkably high editing for all sites within mature miRNA sequences was observed, with 95% of miR-376a* being in the edited form (Table 2 ).
In the human brain, editing of pri-miR-376a1 is a result of the activity of ADARB1 (10) , an enzyme known to be deregulated in brain tumors (3, 4) . To establish a causal link between ADARB1 function and loss of editing of miR-376a*, we overexpressed ADARB1 in U87 cells that were co-transfected with the miR-376 cluster gene. Editing at the +9 site of pri-miR-376a1 was restored from 1.5% to 95% in the glioma cells in the presence of ectopic ADARB1 ( Figure 1E ). Most GBMs in the tumor panel had markedly diminished levels of ADARB1 mRNA (<20% of normal levels), while most WHO grade III gliomas retained nearly 50% of normal levels of ADARB1 ( Figure 1F ). The other major editing enzyme, ADAR, was found to be generally underexpressed in all tumors, without any particular tumor grade-dependent expression pattern (Supplemental Figure 1B) . Furthermore, we confirmed that increased ADARB1 expression, hence activity, did not impact the endogenous abundance of mature miRNAs from the miR-376 cluster, indicating that editing of pri-miRs from the miR-376 cluster does not impact their processing (Supplemental Figure 1C) . Thus, our cumulative data suggest that unedited miR-376a* is a tumor-specific miRNA sequence variant, aberrantly produced due to the loss of regulated A-to-I editing in GBMs.
Reduced miR-376a* editing frequency in high-grade gliomas correlates with increased signal on T2-weighted MRI scans. High-grade gliomas, especially GBMs, are characterized by extensive invasiveness in the brain (11) . With the aim of placing the finding on miR-376a* editing frequency in a clinical context, we surveyed the above panel of glioma samples for correlation between the editing frequency at site +9 of pri-miR-376a1 (corresponding to miR-376a*) and peritumoral T2-weighted MRI signal. The regions with enhanced signal intensity on T2-weighted MRI images histologically correspond to the hypervascular tissue of viable tumor, likely due to tumor cell invasion away from the main tumor mass, vasogenic edema resulting from cytokines elaborated by invasive tumor cells, and/or foci of tumor-induced neovascularization. The samples GBM 1-4 and AA 17, 19, and 20 were excluded from this analysis due to the lack of MRI data. When tumor volumes were measured based on peritumoral T2 signals and the tumor samples were grouped based on high (>12%) and low level of editing frequency, a striking difference in distribution of tumor volumes was observed. The tumors with low percent editing of miR-376a* (n = 8) had an average volume of 537.7 ± 130.1 mm 3 , whereas those with high percent editing (n = 7) had an average volume of only 159.3 ± 34.05 mm 3 ( Figure 2 , A and B). After calculating the expression levels of the unedited miR-376a* based on qRT-PCR quantification of total miR-376a* (Supplemental Figure 2A ) and the editing frequency at site +9 of pri-miR-376a1 and then correlating the expression levels with the tumor volumes, a significant correlation was further identified, demonstrating that gliomas with larger tumor volumes combinatorially showed low percent editing and relatively higher expression of the unedited miR-376a* ( Figure 2C ). The relatively small sample size of this study cohort, however, limits the generalizability of the conclusion, and studies with a larger group of tumors will be necessary. Nonetheless, since a lower miR-376a* editing frequency in glioma is associated with more pronounced T2 signal abnormality, the editing frequency of the miRNA may potentially serve as a quantifiable biomarker for invasive high-grade gliomas.
Unedited miR-376a* specifically accumulates in invasive glioma cells. To investigate whether the unedited miR-376a* is specifically involved in the invasive process of glioma, we performed an in vivo experimental lung metastasis (ELM) assay in mice to enrich highly invasive cells from human U87 cell line ( Figure 3A ). This assay employs tail vein injection of tumor cells, selection of metastatic cell populations from the lung, and in vitro expansion of the selected cells to enrich highly invasive tumor cells from established tumor cell lines, the invasive feature of which is often diminished over long-term in vitro culture (12) (13) (14) . Applying this strategy to the U87 cell line, we were able to establish 3 independent ELM-selected cell lines, 1M1, 1M2, and 2M1. We compared in vivo tumor growth between these selected cells and parental U87 cells after intracranial injection into nude mice. As previously reported (15) , parental U87 cells formed oval-shaped tumors with well defined edges ( Figure 3B ). However, mice receiving ELM-selected U87 cell injection developed multiple and large aggressive tumors with invasive cell foci and infiltrative tumor boundaries ( Figure 3B ). Quantified in an in vitro invasion Table 1 Quantification of A-to-I RNA editing of primary miRNAs from miR-376 cluster in normal human brain and primary brain tumors Seed sequence of mature miR-376a*. C Editing site in seed sequence of processed mature miRNA.
Dash indicates PCR product could not be amplified.
assay, the ELM-selected cells displayed a 1.5-to 2-fold greater invasive capacity than parental U87 cells and were highly migratory as confirmed by a wound healing assay ( Figure 3 , C and D). In agreement with the inverse correlation between glioma cell proliferation and motility (16) , in vitro proliferation rates of ELM-selected U87 cells in serum-containing media were several-fold lower than those of parental U87 cells (Supplemental Figure 3A) . Together, these data suggest that ELM selection is effective in enriching glioblastoma cells that are more migratory and invasive. We then used the ELM-selected U87 cells and parental U87 cells to investigate whether the extent of A-to-I editing of miRNAs from the miR-376 cluster, especially miR-376a*, correlated with tumor cell invasiveness using direct sequencing of pri-miRs. We found that overall editing levels for all sites within the miR-376 cluster in the ELM-selected cells were similar to the levels in parental U87 cells ( Figure 4A and Supplemental Figure 3B) . A negligible "G" trace at the +9 site of pri-miR-376a1 confirmed that miR-376a* remained unedited in the ELM-selected cells, as in parental U87 cells. Levels of editing enzymes, ADAR and ADARB1, were not significantly changed in the ELM-selected cells ( Figure 4B ).
We next measured the expression levels of pri-miRNAs and mature miRNAs from the miR-376 cluster to investigate changes in transcript abundance. Primary transcripts were moderately but not consistently increased in the ELM-selected cells ( Figure 4C ). Significantly, mature miR-376a* was enriched 7-to 75-fold in the ELMselected U87 cells in comparison with parental U87 cells, but none of the other mature miRNAs from the miR-376 cluster were significantly enriched in ELM-selected cells ( Figure 4D ). The fold increase in miR-376a* correlated with the increase in invasion and migration capacity of ELM-selected U87 cells ( Figure 3 , C and D). Also, we determined the relative expression of selected miRNAs from the chr.14q32.31 region (where miR-376 cluster lies), including those ubiquitously expressed (miR-16) and those with known functions in gliomas (miR-21, miR-221, miR-10b, miR-206), and found no significant change in their expression in the ELM-selected U87 cells ( Figure 4D ). Collectively, this study suggests a mechanism for highly specific enrichment of unedited miR-376a* in invasive glioma cells. Unedited miR-376a* promotes glioma cell invasion and migration, while edited miR-376a* suppresses this ability in vitro. The specific accumulation of unedited miR-376a* in GBMs and selected invasive glioma cells prompted us to investigate whether this miRNA functionally modulates the invasive behavior of glioma cells. Cellularly, editing of miR-376a* substitutes a single adenosine (A) for inosine (I), and functional equivalence has been suggested for inosine and guanosine (G) for miRNA target selection via base pairing to cytosine for both (2) . Thus, miRNA mimics for the miR-376a* in unedited form (hereafter, miR-376a*A) and for the edited form (hereafter, miR376a*G) were designed ( Figure 5A ). For stable expression, a stemloop construct was engineered encoding miR-376a*, with A or G substituted at the appropriate position, to generate miR-376a*A or miR-376a*G ( Figure 5A ). Expression of miR-376a* in glioma cells by transfection of miRNA mimics and in cells stably expressing miR376a* was verified by qRT-PCR (Supplemental Figure 4, A and B) .
Using a Matrigel invasion assay, we found that transient or stable ectopic expression of miR-376a*A enhanced invasiveness of glioma cell lines ( Figure 5B ). Under similar conditions, miR376a*G suppressed the invasiveness to below basal levels. Wound healing assays revealed that migration (a prerequisite for invasion) of glioma cells was promoted by miR-376a*A and suppressed by miR-376a*G ( Figure 5C ). In line with the involvement of cell shape and cytoskeleton in cellular motility, distinct morphological changes in U87 and SW1783 cells were also observed upon transfection of variant forms of miR-376a* (Supplemental Figure 4C) . Additionally, specific knockdown of miR-376a*A by LNA-modified oligonucleotides in 2M1 cells, which had the highest expression of miR-376a* among ELM-selected lines, resulted in a reversal of their highly invasive and migratory phenotype, while it did not affect invasion and motility of parental U87 cells, which had negligible expression of miR-376a* ( Figure 5 , D and E). Knockdown of miR-376a* using anti-miR-376a* inhibitors (of chemistry distinct from LNA inhibitors) also resulted in decreased migration ability of 2M1 cells specifically (Supplemental Figure 4D) . Cell proliferation and cell cycle analyses showed that miR-376a*A suppressed proliferation rates of glioma cells, while miR-376a*G exerted the opposite effect (Supplemental Figure 4 , E and F), limiting the possibility that the increase or decrease in invasion was due to a change in cell proliferation. Thus, miR-376a*A and 376a*G have distinct and opposing cellular functions in regulating the invasive behavior of glioma cells.
We next investigated the genome-wide transcriptional profiles in U87 cells transfected with miR-376a*A or 376a*G using Affymetrix microrarrays for a broader insight into molecular changes mediated by the two miRNA variants. DAVID analysis of the differentially expressed genes revealed that genes regulating cell adhesion and cell motion functions were significantly enriched among those upregulated by miR-376a*A, in contrast to the enrichment of cell cycle function for genes upregulated by miR-376a*G (Supplemental Table 1 ). A less significant but inverse enrichment was found for the same processes among the downregulated genes. We chose a set of genes that are known to pleiotropically regulate cell invasion, migration, and angiogenesis (17, 18) to validate the microarray results by qRT-PCR. miR-376a*A increased, while miR-376a*G decreased, the expression of selected genes ( Figure 5F ). Expression changes mediated by two forms of edited miRNA -miR-376a*G and miR-376a*I -were similar (Supplemental Figure 5) . The data suggest that miR-376a*A has widespread effects on the transcriptome related to glioma cell motility, further confirming the cellular effects of the miRNA in enhancing in vitro migration and invasion.
Overexpression of unedited miR-376a* promotes aggressive growth of orthotopic gliomas in the mouse brain. Taking advantage of the tumorigenic but noninvasive property of U87 cells in the brain, we generated U87 cells stably expressing miR-376a*A (hereafter, U87/376a*A) or miR-376a*G (hereafter, U87/376a*G) and injected them into the brains of nude mice. At day 21 after tumor inoculation, brains were collected and sectioned for histological analysis to evaluate whether ectopic expression of unedited miR-376a* promotes in vivo tumor aggressiveness. As shown in H&E-stained brain sections, U87/376a*A formed large, aggressive tumors with irregular shape and extensive intratumoral necrosis and especially displaying dissemination away from the primary inoculation site into the surrounding brain ( Figure 6A and Supplemental Figure 6A) . In contrast, tumors formed by U87/376a*G cells were highly uniform and well circumscribed, characteristic of expansile growth of noninvasive tumors such as U87 tumors (15) . Boundaries of U87/376a*A tumors were marked by infiltrative projections associated with vascular structures and satellite tumors, while U87/376a*G tumors were well delineated from the normal brain.
U87/376a*A tumors stained for the Ki-67 proliferation marker showed high but non-uniform distribution of Ki-67 + cells that especially colonized regions around blood vessels ( Figure 6B ), indicating perivascular invasion (19) . A roughly 2-fold enrichment of Ki-67 signal at the invasion fronts of U87/376a*A tumors in relation to the core was noted, while U87 and U87/376a*G tumors showed uniform distribution of Ki-67 + cells, consistent with expansile growth ( Figure 6B ). We confirmed that aggressive in vivo tumor growth associated with U87/376a*A cells was not due to a higher intrinsic proliferation rates measured in vitro (Supplemental Figure 6B ). qRT-PCR analysis of tumor samples collected from the mouse brain revealed that mRNAs of several glioma invasionpromoting factors, including integrins, ECM proteins, matrix metalloproteinases, and angiogenic factors, and components of upstream growth factor signaling pathways were enriched (5-to 45-fold) in U87/376a*A tumors ( Figure 6C ).
Conclusive evidence regarding the ability of miR-376a*A to promote aggressive tumor growth came from the survival rates of mice bearing tumors formed by U87 clones with higher expression levels of miR-376a*A. Indeed, both U87/376a*A and ELM-selected U87 cells with enrichment of miR-376a*A caused a significantly shortened survival time of animals compared with control U87 cells ( Figure 6D ). Importantly, as invasiveness was the only property selected by the ELM assay, the observed differences in survival are chiefly attributable to increased tumor burden through invasive dissemination of the selected tumor cells. Furthermore, there was an inverse correlation between the fold enrichment of miR376a*A in ELM-selected cells and survival rates of tumor-bearing mice ( Figure 6E ). Although, miR-376a*G suppresses cell invasion in vitro, tumors formed in vivo by U87/376a*G and the associated survival rates were similar to control tumors ( Figure 6 , D and E), probably due to the inherently noninvasive nature of the U87 glioma model. Collectively, these results show that expression of miR-376a*A in otherwise noninvasive U87 cells promotes aggressive tumor growth characterized by invasion, angiogenesis, and necrosis, hallmarks of human GBMs. Coincident with the presence of unedited miR-376a* in GBMs, the data support a major pro-invasive role for this miRNA.
RAP2A is a direct target of unedited miR-376a*, whereas AMFR is a direct target of edited miR-376a*. To understand the mechanism by which unedited miR-376a* promotes glioma cell migration and invasion, we performed microarray analysis to identify genes downregulated by the miRNA. miR-376a*A and 376a*G were separately transfected in U87 and SW1783 cells, and transcripts downregulated by each of them at an early time point (P < 0.05; fold-change >1.5 at 24 hours) were identified. After removing commonly downregulated transcripts, we isolated 116 potential candidate target genes for miR-376a*A and 140 genes for miR-376a*G (Supplemental Figure 7A and Supplemental Tables 2 and 3 ). We then used RNA22, a program that allows flexibility of inputting custom miRNA sequences necessary to distinguish miR-376a*A and miR-376a*G, to identify genes with predicted binding sites for the two miRNAs in their 3′ UTRs. To prioritize from among several potential target genes, we narrowed down candidates with known roles in cell migration and invasion, in light of the observed cellular effects of miR-376a* on migration and invasion (Supplemental Tables 2 and 3 ). RAP2A (member of the RAS oncogene family) was identified as a potential unique target of miR-376a*A, since 6 binding sites for miR-376a*A were present in RAP2A 3′ UTR that failed to be predicted as miR-376a*G-binding sites, although 4 independent sites for miR-376a*G were also predicted ( Figure 7A ). Conservation of 4 of 6 miR-376a*A target sites was found in mammals (Supplemental Figure 7B) . Next, we narrowed down autocrine motility factor receptor (AMFR) as a potential unique target of miR-376a*G but "untargetable" to miR-376a*A (Supplemental Table 3 ). The 3′ UTR of AMFR harbors two predicted conserved binding sites for miR-376a*G, while none were predicted for miR376a*A ( Figure 7E and Supplemental Figure 7C ).
To validate the specificity of miR-376a*A targeting for RAP2A, we constructed 3 luciferase reporter vectors, one containing a 2,475-bp RAP2A 3′ UTR including all predicted miR-376a* sites; another containing a 1,154-bp 3′ UTR encompassing 6 miR-376a*A sites but excluding two downstream miR-376a*G sites; and a third 426-bp region that contained only two downstream predicted miR-376a*G sites ( Figure 7A ). As tested in HeLa cells, miR-376a*A was able to reduce luciferase activity by 30% and 70% for the reporter constructs containing predicted miR-376a*A sites ( Figure 7B ), suggesting that the predicted miR-376a*A binding sites in the RAP2A 3′ UTR are functional. Meanwhile, miR-376a*G/I failed to suppress luciferase activities of the 3′ UTR constructs containing predicted miR376a*G sites, including the 426-bp 3′ UTR region, which exclusively encompassed predicted miR-376a*G sites ( Figure 7B ). This suggests that although predicted by bioinformatics, the miR-376a*G sites within the RAP2A 3′ UTR are nonfunctional. We speculate that the 2,475-bp RAP2A 3′ UTR, which is fulllength and a native structure, possesses features of secondary structure or other determinants of miRNA targeting that allow miR-376a*A to target the 3′ UTR more efficiently than the 1,145-bp RAP2A 3′ UTR does, leading to enhanced suppression of luciferase activity (70% compared with 30%). We further observed that miR-376a*A, but not miR-376a*G and miR-376a*I, downregulated the expression of the RAP2A mRNA and RAP2A protein in U87 and SW1783 cells (Figure 7, C and D) . We then validated specific targeting of AMFR by miR-376a*G using luciferase reporter vectors fused to the full-length or partial AMFR 3′ UTR ( Figure 7E ) and observed luciferase activity suppressed by 50% in HeLa cells ( Figure 7F ). Accordingly, miR-376a*G and miR376a*I, but not miR-376a*A, downregulated AMFR mRNA and protein levels in U87 and SW1783 cells (Figure 7, G and H) .
Downregulation of RAP2A expression and upregulation of AMFR expression promote in vitro migration and invasion of glioma cells.
To investigate the functions of RAP2A and AMFR in glioma development in the context of miR-376a*, we performed a set of in vitro experiments in U87 and SW1783 glioma cells. We first inhibited RAP2A expression by two specific RAP2A siRNAs. Western blot analysis confirmed RAP2A knockdown by both siRNAs ( Figure 8A) . Importantly, the biological effects of RAP2A knockdown phenocopied the effects of unedited miR-376a* and resulted in a significant increase in invasion and migration of the glioma cells (Figure 8 , B and C), suggesting that RAP2A functions as a suppressor of glioma cell invasion.
In order to demonstrate that enhanced invasion of glioma cells by miR-376a*A observed in our previous experiments was due to RAP2A targeting by the miRNA through its direct interaction Figure 3 . (E) Median survival of animals in D. Statistical analysis was done using log-rank test (n = 10). Error bars indicate SD. *P < 0.05, ***P < 0.001 by t test. In E, error bars represent SEM; **P < 0.01 and ***P < 0.001 vs. U87/control; † † P < 0.01 and † † † P < 0.001 vs. U87/376a*G; ‡ P < 0.001 vs. 1M1.
Figure 7
Unedited miR-376a* targets RAP2A, whereas edited miR-376a* targets AMFR. (A) RAP2A 3′ UTR with predicted miR-376a*A-binding sites (red bars) and miR-376a*G-binding sites (green bars). Sequence of binding site 3 is shown aligned to miR-376a*A, and seed region is underlined. RAP2A 3′ UTR includes all predicted miR-376a*-binding sites, RAP2A 3′ UTR-1,154 includes all miR-376a*A-binding sites; excluding two miR-376a*G sites downstream; while RAP2A 3′ UTR-426 only includes the two downstream miR-376a*G sites. (B) Luciferase reporter assays in HeLa cells transfected with miR-376a* or control miRNA and indicated RAP2A 3′ UTR constructs as described in A (n = 4). Luciferase readings were normalized to β-galactosidase activity for each construct. 
Figure 8
Effects of manipulating RAP2A expression on migration and invasion of glioma cells. (A-C) Knockdown of RAP2A by two siRNAs (2.5 nM) validated by Western blotting in A promotes glioma cell invasion (B) and migration (C). In the invasion assays, seeded cells that invaded Matrigel were quantified after 24 hours (n = 4), and values are normalized to control for each cell line. Graph shows results of wound healing migration assay as wound gap closure relative to control (n = 3). Original magnification, ×100. (D) Immunoblotting of RAP2A in U87 and SW1783 cells co-transfected with expression vectors containing a full-length RAP2A cDNA (RAP2A 3′ UTR) or RAP2A without 3′ UTR (RAP2A ORF) and miR376a* or control miRNA. β-Actin was used as loading control. Densitometric analysis was done by Image J software, and values were normalized to control for each construct. (E) Matrigel invasion assay of U87 and SW1783 glioma cells co-transfected with RAP2A expression vectors and miR-376a* or control miRNA. Number of invading cells was quantified after 24 hours (n = 4). Values are normalized to control for each expression construct. Error bars indicate SD. *P < 0.05, **P < 0.01, ***P < 0.001 by t test.
the panel of human glioma samples and the tumor samples collected from the in vivo animal models used in the above experiments. In primary tumor samples, there was an inverse correlation between the expression of miR-376a*A (derived as a function of editing frequency and expression of total miR-376a*) and RAP2A mRNA levels ( Figure 10A ). Furthermore, there was a positive correlation between AMFR mRNA and expression of unedited miR376a* (Figure 10B ), suggesting that as miR-376a*A accumulates in tumors (at the expense of miR-376a*G, a regulator of AMFR), it allows the accumulation of AMFR mRNA. In xenograft tumors formed by U87 cells stably expressing miR376a*A or -376a*G, AMFR was relatively lower in U87/376a*G tumors, and RAP2A, as the target of miR-376a*A, was lower in U87/376a*A tumors, confirming the specificity of targeting of the two miRNAs in vivo ( Figure 10C ). In ELM-derived 2M1 cells with the increased expression of miR-376a*A (Figure 3) , expression levels of RAP2A mRNA and protein were lower, while the levels of AMFR mRNA and protein were higher ( Figure 10, D and E) .
When the expression analysis of RAP2A was extended to publicly available cancer databases, RAP2A mRNA was found downregulated, particularly in GBMs, from the analysis of a cohort of human gliomas catalogued in the REMBRANDT database (ref. 20 and Figure 10F) . Significantly, in line with the invasion-promoting effect of RAP2A depletion, survival of patients with low expression of RAP2A mRNA was found to be significantly reduced from analysis of both the REMBRANDT (577 gliomas) and Gravendeel (276 gliomas) databases (20, 21), where information on patient clinical outcome is also available ( Figure 10G ). As accumulation of unedited miR376a* is correlated with increased tumor invasiveness, the cumulative data suggest that the reduction of RAP2A mRNA due to targeting by unedited miR-376a* leads to shortened patient survival as a result of increased tumor cell invasiveness and aggressive growth.
The data gathered from RAP2A and AMFR studies suggest that attenuated A-to-I editing in glioma may exert a dual effect: increased inhibition to the migration-restraining effect of RAP2A by the accumulation of unedited miR-376a* (miR-376a*A), coupled with failure in blocking AMFR function of promoting cell migration due to the decrease of edited miR-376a* (miR-376a*I/G) level, as summarized in Figure 11 . These effects may collectively contribute to the migratory and invasive properties of GBMs.
Discussion
In this study we sought to establish a link between epigenetic regulation of miRNAs via A-to-I editing and glioma invasiveness. Under normal circumstances, A-to-I editing of primary miRNAs usually negatively modulates Drosha or Dicer processing (10, 22, 23) , suppressing mature miRNA abundance, but in exceptional cases it can lead to the generation of edited mature miRNAs, as is the case for miR-376 cluster miRNAs (2) . Mature miRNAs from this cluster are found to be edited from 50% to 100% in studies of the whole brain and to nearly 100% in astrocytes. Another such rare substrate identified in the brain with extensive A-to-I modification (>99.9%) is the precursor messenger RNA (pre-mRNA) of the glutamate receptor B subunit ion channel (GluR-B), in which the glutamine (Q) codon CAG is changed to a CIG to specify arginine (R) at position 586 of GluR-B (24) . The GluR-B pre-mRNA editing controls the Ca 2+ permeability of the ion channel and is essential for brain function (25, 26) . The highlevel editing of miR-376 cluster miRNAs is reminiscent of the close to 100% recoding of GluR-B at the Q/R site, implying an with the RAP2A 3′ UTR, and not indirectly caused by secondary modulation of RAP2A expression, we performed an experiment to investigate whether RAP2A expression could rescue the effects of miR-376a*A on cell invasion. Two overexpression vectors for RAP2A were used: one with the full-length RAP2A cDNA containing both the RAP2A ORF and 3′ UTR (named RAP2A 3′ UTR) and one containing the RAP2A ORF only, without the 3′ UTR (named RAP2A ORF). The constructs were co-transfected with miR-376a*A, miR-376a*G, or control miRNA into U87 and SW1783 glioma cells. Western blot analysis confirmed that the RAP2A protein was subject to downregulation by miR-376a*A only when RAP2A mRNA containing its 3′ UTR was expressed, whereas negligible downregulation of RAP2A occurred when RAP2A mRNA did not include its 3′ UTR ( Figure 8D ). When invasion assays were performed in U87 and SW1783 glioma cells, the invasion-enhancing effects of miR-376a*A were not compromised in the presence of the RAP2A 3′ UTR, while concomitant overexpression of the RAP2A ORF robustly abrogated the enhanced cell invasiveness induced by miR-376a*A ( Figure  8E ). Our findings indicate that RAP2A is an immediate downstream effector specific to miR-376a*A and likely the major target gene through which the invasion-enhancing effects are mediated, as overexpression of the RAP2A ORF, which is not subject to regulation by miR-376a*A due to the lack of 3′ UTR, was sufficient to restore the invasive capacity of glioma cells to baseline levels, even in the presence of miR-376a*A ( Figure 8E ). Thus, RAP2A expression is specifically repressed by unedited miR-376a*, and the repression is essential for miR-376a*Ainduced invasiveness.
We also used two specific siRNAs to knock down AMFR expression ( Figure 9A ) and observed that the knockdown suppressed the invasion and migration of U87 and SW1783 cells to a level nearly half that of control siRNA-transfected cells ( Figure 9 , B and C). Thus, effects of AMFR knockdown on glioma cells phenocopied the effect of 376a*G, the edited form of miR-376a*, suggesting that blocking the migration and invasion-promoting effect of AMFR by miR-376a*G accounts for its anti-migratory property.
Overexpression of AMFR concomitantly with miR-376a*G was then performed in glioma cells to investigate whether the invasionsuppressing effects of miR-376a*G could be rescued. Two AMFR expression vectors, one with the full-length AMFR cDNA (named AMFR 3′ UTR) and another containing the AMFR ORF only, without 3′ UTR (named AMFR ORF), were co-transfected with miR376a*A, miR-376a*G, or control miRNA into U87 and SW1783 glioma cells. As assessed by Western blot analysis, AMFR as a direct target of edited miR-376a* was confirmed, since the major downregulation of AMFR was indeed mediated through its 3′ UTR (Figure 9D ). In the presence of AMFR 3′ UTR, miR-376a*G continued to robustly suppress the invasiveness in both U87 and SW1783 glioma cells ( Figure 9E ). Concomitant overexpression of the AMFR ORF partially but significantly abrogated the reduction in cell invasiveness induced by miR-376a*G ( Figure 9E ). As overexpression of AMFR was not very pronounced in U87 and especially SW1783 cells (Figure 9D ), the partial restoration of the phenotype could be due to continued suppression of endogenous AMFR by miR-376a*G.
Downregulation of RAP2A and upregulation of AMFR in clinical specimens and animal tumor models indicate their roles in GBM development.
To further investigate the functions of the RAP2A and AMFR genes in GBM development related to attenuated A-to-I editing of miR-376a*, we quantified AMFR and RAP2A mRNA levels in ing for miR-376a* in GBMs, as we have reported here. Because a common editing machinery, comprising ADAR and ADARB1, is responsible for all A-to-I RNA editing events, the disparities in editing loss are likely due to the differential sensitivity of each site to attenuated enzyme function, stemming from variable editing efficiencies of ADARs for different sites depending on RNA sequence and structure (27) or due to the involvement of other factors that regulate ADAR activity for each site (28) . Our observations of disparate changes in editing levels of substrates and the near-normal editing levels observed at sites corresponding to important role for editing-mediated recoding of these miRNAs in normal brain cells and, consequently, a higher likelihood of a disruptive impact of its aberrant editing in the brain. In agreement with previous findings, we uncovered a widespread reduction in ADAR and ADARB1 mRNA levels in gliomas, especially GBMs (3, 4) . As the substrates of ADARs are numerous, ADAR dysfunction will undoubtedly have pleiotropic effects. Notably, however, even GluR-B, the most well-studied target of A-to-I editing, showed a modest loss of editing, from 100% to 69%-88% in GBMs (3), in contrast to the nearly complete abolishment of edit-
Figure 10
Expression of RAP2A and AMFR mRNAs in clinical specimens and animal tumor models. (A) Correlation of RAP2A mRNA and unedited miR376a* levels in primary tumors (n = 22). (B) Correlation of AMFR mRNA and unedited miR-376a* levels in primary tumors (n = 21). For A and B, expression of miR-376a*A was determined by factoring the editing frequency with expression of total miR-376a* measured by qRT-PCR. Pearson's correlation coefficient is indicated. (C) Expression of AMFR and RAP2A mRNA in xenograft tumors formed by U87 cells stably expressing miR-376a* (see Figure 6A ). Values are relative to gene expression in U87/376a*G. (D) Relative expression of AMFR and RAP2A mRNA in U87 and ELM-selected 2M1 cells (n = 3). For C and D, error bars indicate SD. *P < 0.05, **P < 0.01 by t test. (E) Immunoblotting of RAP2A and AMFR in U87 and ELM 2M1 cells. β-Actin was used as loading control. (F) RAP2A expression in GBMs is significantly lower compared with normal brain tissue (NB), astrocytomas (AA), oligodendrogliomas (OAG), and mixed tumor types (MIX) in the REMBRANDT database. Data represent median expression. ***P < 0.001 compared with NB by t test. (G) Kaplan-Meier survival curves for RAP2A expression from REMBRANDT (n = 142 for high and n = 148 for low) and Gravendeel (n = 134 for high and n = 138 for low) glioma patient data. Two Affymetrix probesets corresponding to RAP2A were analyzed, and P value was determined by log-rank test.
to target AMFR in glioma cells due to single-base alteration in its seed sequence. We identified RAP2A as a specific target of unedited miR-376a* and found that suppression of RAP2A function has a pro-invasive effect. RAP2A belongs to the Ras family of GTP-binding proteins that regulate proliferation, differentiation, and cytoskeletal rearrangements (33) . RAP2A is involved in the regulation of dendrite and axonal branches and restrains dendritic outgrowth of neurons (34, 35) . It has been shown that RAP2 regulates the actin cytoskeleton via two effectors, PARG1 and TNIK (36, 37) . In HEK293 cells, TNIK induces actin fiber disassembly and perturbs cell spreading, a function that is promoted by RAP2A (37) . A similar regulatory role for RAP2A in cancer cell migration, dependent on actin cytoskeleton remodeling, is likely and is suggested by the current work, which demonstrates in vitro that RAP2A knockdown promotes both migration and invasion of glioma cells. Our finding that unedited miR-376a* directly suppresses the RAP2A 3′ UTR reveals a link between altered editing and accumulation of unedited miRNA and identifies a key regulator of glioma cell invasion. This gene is likely the primary target of unedited miR-376a*, as relieving its regulation by miR-376a* nearly completely restored invasion of glioma cells to baseline levels. Significantly, the strong association of reduced RAP2A expression with decreased patient survival uncovers RAP2A as a novel regulator of glioma cell invasion and associated aggressiveness of gliomas, especially GBMs. Other target genes, including those identified by microarray analysis and harboring target sites, may simultaneously be under regulation of unedited miR-376a* and may contribute to aggressiveness of GBMs. Possible candidate genes with roles in GBM metabolism, invasion, or cytoskeleton include MDH1, STAT3, and VEZT and will be the subject of future studies.
Due to the change in miRNA sequence by altered editing, target genes that would normally be accessible to the edited miR-376a* become "untargetable" in GBMs, further contributing to disruption of miRNA function. One such target we identified is AMFR, a target specific to edited miR-376a* in gliomas. A mechanistic role for AMFR in promotion of glioma cell migration and invasion has not yet been demonstrated. Nonetheless, in the normal brain, there is no expression of AMFR or AMF in glial cells, while abundant mRNA levels of both are found in majority of grade III astrocytomas and GBMs (38) . The observation of AMFR expression in pseudopalisading cells in necrotic regions suggests that actively migrating glioma cells express AMFR (38, 39) . Significantly, we demonstrated that knockdown of AMFR efficiently inhibited migration and invasion of glioma cells in vitro. Increased expression of AMFR due to the abolishment of edited miR-376a* function caused by loss of editing could additionally be responsible for promotion of glioma migration. As miRNAs have multi-gene targeting ability, the partial rescue of decreased invasion by edited miR-376a* by overexpression of AMFR can potentially be accounted for by the continued suppression of other target genes in the presence of edited miR-376a*. Nonetheless, it was still confirmed in this study that AMFR is a direct tarmiR-376a, -376b, and -376c are in agreement with a recent study in which deep sequencing of miRNAs from a panel of 6 GBM samples was conducted and no change was found in the average abundance of the edited and unedited transcripts compared with normal brain tissue for miR-376a, -376b, and -376c (29) .
Changes in transcript editing levels due to ADAR dysfunction most likely play a role in progression rather than initiation of malignant growth, given that mouse models of ADAR dysfunction do not have increased cancer incidence (30) . The aggregation of unedited miR-376a* initiated by loss of A-to-I editing in GBMs may constitute of the lesions conferring considerable malignant advantage during cancer progression, accounting for its exceptionally low editing levels in GBMs compared with other editing substrates, including miRNAs from the miR-376 cluster. A role for unedited miR-376a* in malignant progression was further supported by its specific enrichment in ELM-selected invasive U87 cells. Mechanistically, this specific accumulation is likely due to a post-transcriptional selective bias for miR-376a*, in the form of miRNA duplex strand selection (31) , independent of a change in the abundance of mature miR-376a encoded in the same precursor as miR-376a*. The observation that even in various normal tissues the ratios of miR to miR* strands are widely different is in line with differential miRNA strand selection due to the action of specific regulatory factors (31) . Although, a role for miR-376a* in invasion promotion in GBMs or any other cancer has previously not been demonstrated, a recent in vitro study showed that the expression of precursor miR-376a (encoding both miR-376a and miR-376a*) or the whole miR-376 cluster promoted the migration and invasion of otherwise non-migratory tumor cells derived from in vitro transformation of non-human primate kidney cells (32) . It would be interesting to delineate whether unedited miR376a* from the pre-miR-376a is responsible for the enhanced migratory phenotype. In GBMs, glutamate receptors assembled from the unedited (Q-containing) GluR-B subunit are highly Ca 2+ permeable and can promote glioma cell invasion (7), suggesting a general role of unedited substrates in promoting invasiveness. Notably, general low expression of ADAR enzymes in GBMs will affect editing of several RNAs, including miRNAs, and other as-yet-unidentified targets of ADAR dysfunction may potentially and perhaps cooperatively regulate glioma invasiveness and growth.
The presence of unedited and edited variants of miR-376a* in disease and normal states, respectively, suggests that each form establishes a distinct cell type-specific transcriptome. Our findings attribute the pro-invasive nature of unedited miR-376a* to its aberrantly gained ability to target RAP2A and its concomitant inability
Figure 11
Roles of attenuated miR-376a*editing in regulation of glioma cell invasion and migration. Our findings indicate opposite roles of AMFR and RAP2A, which are subject to epigenetic regulation by miR-376a*, in regulating cell invasion. When the A-to-I editing of miR-376a* is attenuated in glioblastoma, the accumulation of unedited miR-376a* (miR376a*A) downregulates RAP2A, while a decreased level of edited miR-376a* (miR-376a*I/G) leads to upregulation of AMFR, collectively resulting in increased migration and invasiveness of glioma cells.
